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Abstract. The impact of sub-grid variability of precipitation
and canopy water storage is investigated over Central-South
Europe by applying a new canopy interception scheme into
the Community Atmosphere Model (CAM, Version 3) cou-
pled with the Community Land Model (CLM, Version 3).
The study shows that while sub-grid variability exerts great
impact on the land surface water budget, the impact on the
atmospheric hydrological processes is small and only excep-
tion being the Mediterranean region. In this region, incorpo-
ration of sub-grid variability is shown to reduce precipitation
up to 1mm/day (or ∼8% relative to mean precipitation). The
evapotranspiration ratio (ratio of evapotranspiration to total
precipitation) exhibited insigniﬁcant deviations between the
simulations with sub-grid variability and the ones without,
which indicates that the local source of moisture is not the
cause of the reduced precipitation. On the other hand, in-
ducing sub-grid variability alters the large-scale circulation,
which transports less water vapor form Atlantic Ocean to in-
land areas thus reducing precipitation in the Mediterranean
region.
1 Introduction
Precipitation is arguably the most important component in
manipulating land-atmospheric interactions. The realistic
representation of ﬂux exchanges between land surface and
atmosphere in global climate models (GCMs) relies not only
on the accuracy of simulated precipitation amounts, but also
on the realistic precipitation intensity at resolutions ﬁner than
the typical resolution of GCMs. Several studies have consid-
ered the sub-grid scale variability of precipitation in GCMs
(give references). A recent study by Wang and Wang (2007)
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presented a new hydrology scheme that accounts for the sub-
grid variability of both precipitation and vegetation canopy
water storage on the basis of the method presented by Shut-
tleworth (1988). This scheme is robust under different model
temporal resolutions (Wang and Wang, 2007), and has been
validated against ﬁeld measurements of vegetation canopy
interception over the globe (Wang et al., 2007a) using the
Community Land Model (CLM–Oleson et al., 2004) in its
stand-alone mode.
The impact of sub-grid variability of precipitation and
canopy water storage feeds back from land surface to the at-
mosphere through the ﬂux exchanges. Wang et al. (2008)
investigated this impact by applying the new canopy hydrol-
ogy scheme into the coupled CLM-Community Atmosphere
Model (CAM), with focus the tropics. In this paper, we ex-
tend the investigation in mid-latitudes to study the impact on
water and energy budgets over Central-South Europe using
the same method as in Wang et al. (2008). In the subsequent
section we shortly describe the model, while in Sects. 3 and
4 we discuss our simulation results and conclusions.
2 Model description
The Community Atmosphere Model version 3 (CAM3)
(Collins et al., 2004) and the Community Land Model ver-
sion 3 (CLM3) (Oleson et al., 2004), which are respec-
tively the atmosphere component and land surface compo-
nent of the NCAR Community Climate System Model ver-
sion 3 (CCSM3), are used in this study. CAM3 is designed
to completely separate the physical parameterizations from
the dynamic core. While three dynamic cores (i.e., Eule-
rian spectral, semi-Lagrangian and ﬁnite volume) are avail-
able in CAM3, the Eulerian spectral dynamic core is used in
this study. CLM3 considers the sub-grid variability of land
surface properties by using a four-level data structure from
higher to lower level: grid cells, land units (i.e., glacier, lake,
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Table 1. Comparison between the experiment simulation (EXP) and the control simulation (CTL) in water and energy balance on land
surface over the Central-South Europe (7◦ W–25◦ E, 37◦ N–55◦ N) for June-July-August (JJA) and December-January-February (DJF). All
the variables are domain average. DIFF=EXP-CTL, and NDIFF (%)=100%×(EXP-CTL)/CTL.
JJA DJF
CTL EXP DIFF NDIFF CTL EXP DIFF NDIFF
Precipitation (mm·day−1) 1.64 1.52 −0.12 −7.3 2.92 2.68 −0.23 −8.0
Runoff (mm·day−1) 0.36 0.39 0.03 8.3 0.96 0.91 −0.05 −5.0
Interception loss (mm·day−1) 0.55 0.34 −0.21 −38 0.44 0.25 −0.19 −43
Plant transpiration (mm·day−1) 0.52 0.60 0.08 15 0.035 0.04 0.005 14
Incident solar radiation (W·m−2) 250.5 251.9 1.4 0.6 48.5 49.7 1.16 2.4
Incident longwave radiation (W·m−2) 341.1 341.2 0.1 0.03 311.2 308.6 −2.55 −0.8
Sensible heat ﬂux (W·m−2) 64.9 66.5 1.6 2.5 −27.2 −23.4 3.8 14
Latent heat ﬂux (W·m−2) 56.9 54.9 −2.0 −3.5 37.3 33.7 −3.62 −10
Vegetation temperature (K) 293.6 293.8 0.2 0.07 279.6 279.3 −0.3 −0.1
Ground temperature (K) 294.5 294.6 0.1 0.03 279.5 279.1 −0.4 −0.1
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Figure 1: Precipitation simulated in CTL and the EXP-CTL difference for June-July-August (JJA) 
and December-January-February (DJF) over the Central-South Europe (in mm·day
-1). The 
numbers shown on the titles are regional averages. The stipples show areas where the differences 
shown in (b) and (d) pass the 10% significance test (or 90% confidence level). 
Fig. 1. Precipitation simulated in CTL and the EXP-CTL difference for June-July-August (JJA) and December-January-February (DJF)
over the Central-South Europe (in mm·day−1). The numbers shown on the titles are regional averages. The stipples show areas where the
differences shown in (b) and (d) pass the 10% signiﬁcance test (or 90% conﬁdence level).
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Figure 2: Evapo-transpiration ratio (ratio of evapo-transpiration to precipitation) simulated in 
CTL and the EXP-CTL difference over the Central-South Europe for DJF. The numbers in the 
titles are regional averages. The stipples show areas where the differences pass the 10% 
significance test. 
Fig.2. Evapo-transpirationratio(ratioofevapo-transpirationtopre-
cipitation) simulated in CTL and the EXP-CTL difference over the
Central-SouthEuropeforDJF.Thenumbersinthetitlesareregional
averages. The stipples show areas where the differences pass the
10% signiﬁcance test.
wetland, urban, and vegetated), and snow/soil columns, plant
functional types (PFTs). However, since the atmospheric
forcing is simulated by CAM3, CLM3 is driven by grid-
averaged precipitation, temperature, surface pressure, wind
velocity, humidity, and radiation. Among the various compo-
nents of atmospheric forcing, precipitation in reality shows
the strongest sub-grid variability. In the publicly available
version of CLM3, the grid-averaged precipitation, together
with vegetation density, determines the rate of water inter-
cepted by vegetation canopy:
Ic = Pm[1 − exp(−0.5(LAI + SAI))] (1)
where Ic is the canopy interception rate, Pm is the grid-
averaged precipitation intensity (simulated by atmosphere
models or derived from reanalysis data), LAI is the one-sided
leaf area index, SAI is the one-sided stem area index. Canopy
dripping Dr occurs when canopy water storage S exceeds the
water holding capacity C.
This formulation is commonly used in current land surface
models (e.g., Simple Biosphere Model (Shellers et al., 1986,
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Figure 3: The 850 mb mean wind velocity (in m/s) simulated in CTL and the EXP-CTL 
differences for DJF. Arrows show flow directions. 
Fig. 3. The 850mb mean wind velocity (in m/s) simulated in CTL
and the EXP-CTL differences for DJF. Arrows show ﬂow direc-
tions.
1996), and has been demonstrated to dramatically overesti-
mate interception loss (loss of precipitation due to evapora-
tion of intercepted water) over the Amazon basin (Dickinson
and Henderson-Sellers, 1988). Wang and Wang (2007) pro-
posed a canopy interception scheme that considers the sub-
grid variability of both precipitation and canopy water stor-
age based on the dynamic-statistical approach proposed by
Shuttleworth (1988). Validation against observations at vari-
ous sites over the globe demonstrated that the ofﬂine CLM3
with this scheme performs much better than the publicly
available version of CLM3 (Wang et al., 2007a). This newly
proposed canopy interception scheme is brieﬂy described
here. More details can be found in Wang and Wang (2007)
and Wang et al. (2007a). The canopy interception rate for
two different portions of each model grid cell is estimated
separately as follows:

 
 
Icrainc−Drrainc =

Pc
µ +Pl

1−exp

−
Imax,rainc
Pc
µ +Pl

rain areas
Icnorainc−Drnorainc = Pl

1−exp

−
Imax,norainc
Pl

no rain areas
(2)
where the subscript “rainc” stands for the convective rain-
covered area, the subscript “norainc” stands for the remain-
ing area, Ic is the canopy interception rate, Dr is the dripping
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rate, Pc is the convective rain rate, Pl is the stratiform rain
rate, Imax is the maximum canopy inﬁltration rate, and µ is
the convective rain coverage fraction and is estimated as the
ratio of the grid average convective rainfall intensity to the
observed conditional mean convective rain rate (Eltahir and
Bras, 1993).
3 Simulation results
ThetwocanopyhydrologyschemesdescribedinSect.2were
applied to the coupled CAM3-CLM3. The impact of sub-
grid variability on hydrological processes was investigated
by comparing the simulations with these two schemes. In
the ﬁrst type of simulations (labeled as CTL), the publicly
available version of CAM3-CLM3 is used. Precipitation and
canopy water storage is treated to be spatially uniform ac-
cording to Eq. (1). In the second type of simulations (labeled
as EXP), the sub-grid variability of precipitation and canopy
water storage is considered in the canopy hydrology param-
eterization according to Eq. (2). CAM3-CLM3 is run for
18yearswithprescribedclimatological, monthly-varyingsea
surface temperature for these two types of simulations. The
ﬁrst 3 years are discarded as spinup, and the last 15 years is
taken for analysis.
The impact of sub-grid variability starts from altering
precipitation intercepted by vegetation canopy, leading to
the change of water budget on the land surface (Wang
et al., 2005, 2006 and 2008). The changes of land sur-
face water budget feeds back to atmosphere through land-
atmospheric ﬂux exchanges. Table 1 shows the regional
averages of hydrological variables simulated in CTL and
EXP and their differences over the Central-South Europe
during summer (June-July-August, JJA) and winter season
(December-January-February, DJF). In general, the sub-grid
variability exerts more impact on the hydrological processes
during winter (DJF) relative to the summer (JJA) season. The
difference in interception loss is the most signiﬁcant of all
parameters given that the newly developed scheme changes
the interception loss directly. The change in interception
loss from CTL to EXP alters the heat ﬂuxes from land sur-
face to atmosphere, which leads to the difference in precip-
itation through feedback mechanisms. Figure 1 shows pre-
cipitation simulated in CTL and the EXP-CTL differences
during JJA and DJF over the Central-South Europe. While
Wang et al. (2008) have shown that including the sub-grid
variability (EXP simulation scenario) increases precipitation
over the tropics, this study shows the opposite (i.e. precipita-
tion reduction) over most areas of the Central-South Europe.
However, this reduction is not found to be statistically sig-
niﬁcant at 90% conﬁdence level (or 10% exceedance proba-
bility), except in the Mediterranean region where the reduc-
tion is shown to be up to 1mm/day during winter season.
Figure 2 shows the simulated ET ratio (ratio of ET to pre-
cipitation) in CTL and EXP-CTL differences for this region
in the winter season. Although the interception loss ratio
(ratio of interception loss to precipitation) is dramatically re-
duced (not shown here) from CTL to EXP due to inclusion
of sub-grid variability in the model, the ET ratio is shown
to increase only by a small percentage (2–5%). Therefore,
the local moisture ﬂuxes may not be the major source for the
precipitation reduction shown in Fig. 1. Figure 3 on the other
hand shows the wind ﬁeld at 850mbar level during the win-
ter season. It is evident that including the sub-grid variability
weakens the large-scale circulation in the Mediterranean re-
gion during the winter months. Consequently, less water va-
por is transported from the surrounding ocean in EXP, there-
fore reducing precipitation.
4 Conclusions
In this paper, we investigated the impact of sub-grid variabil-
ity of precipitation and canopy water storage in the Central-
South Europe by applying a new canopy interception scheme
to CAM3-CLM3. Taking the precipitation as an example,
the impact was not found statistically signiﬁcant at 90% con-
ﬁdence level over most areas of Europe except the Mediter-
raneanregion. Thereductioninthisregionisupto1mm/day,
which is about 8% reduction relative to simulated precipita-
tion. Investigating the causes of this reduction in precipita-
tion, we noted that the ET ratio (ratio of ET to total precip-
itation) exhibits a small increase (2–5%) between the simu-
lation with sub-grid variability and the one without, which
indicates that the local source of moisture may not be the
main cause of the reduced precipitation. On the other hand,
including the sub-grid variability was shown to change the
large-scale circulation patterns, which weaken (10–12%) the
transport of water vapor from Atlantic Ocean to the Mediter-
ranean region, with consequential effects on precipitation.
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